I. INTRODUCTION
Measurements of the magnetic moments of the 2 + 1 states in most even-even nuclei have provided valuable tests of theoretical models. In particular, such measurements, as a function of neutron or proton number in a chain of nuclei, can highlight features of the interplay between single-particle and collective excitation degrees of freedom. In many cases the details of the wave functions can be elucidated as well. The experimental challenge arises from the difficulty to extend these measurements to 4 Furthermore, the alignment of the nuclear spin necessary to observe a precession of the magnetic moment in an external or a hyperfine magnetic field is also much reduced compared to that observed for the 2 + 1 state. The Ge nuclei measured in this study are sometimes described in terms of collective vibrational excitations, but they also exhibit characteristics of single-particle excitations.
The four stable even Ge isotopes 70,72,74,76 32 Ge 38,40,42,44 are of special interest for several reasons. One reason is that they span a region of possible sub-shell closure for neutron numbers N = 38 or N = 40. Another reason stems from the interplay between single-particle and collective excitations. An extensive evaluation of the data available for the A ∼ 80 region has already been carried out in terms of collective-and shell-model calculations [1] and will be revisited in this paper to include the new data.
The low-lying energy levels of the even-even stable Ge isotopes and the gamma-ray transitions between these levels are shown in Figure 1 .
In the simplest spherical shell-model picture for the ground states of the Ge isotopes one could expect the four valence protons beyond the closed Z = 28 core to form an inert closed p 3/2 subshell. As N gradually increases beyond the N = 28 closed core, the valence neutrons will first fill the p 3/2 and f 5/2 orbitals ending in 70 Ge. The Moreover, the B(E2; 2
values for the even Ge isotopes with N = 34 to 44 range from 12 to 32 W.u. and are larger than the single-particle expectations. They increase monotonically up to N = 42 whereas they would be expected to decrease at N = 38 or N = 40 if a subshell closure were present.
These observations are supported by the experimental B(E2; 2 Neutron number ues were remeasured. The results were examined within the larger framework of the systematics of Zn, Ge, Se, Kr and Sr isotopes and compared to the collective Z/A values, the IBA descriptions and to the results of large-scale shell-model calculations.
II. EXPERIMENTAL TECHNIQUE
The transient field technique, as explained in Ref. [23] , was used to measure the g factors. The ions of interest were accelerated by the Tandem at the Wright Nuclear Structure Laboratory at Yale University. Different beam energies were used in an attempt to maximize the excitation of the 4 The Ge beam ions, which were Coulomb excited and spin aligned in the first layer of the target, traversed the ferromagnetic (gadolinium or iron) layer, where they experienced the hyperfine transient field. After passing the ferromagnetic layer, the Ge nuclei of interest were stopped in a hyperfine-interaction-free copper layer. The tantalum was used as substrate on which gadolinium was evaporated [24] . In Target I a 5 µg/cm 2 titanium flash- ing was added between the carbon and gadolinium to improve the adherence of these layers. The beam was stopped in an additional thin copper foil placed behind the target, while the knock-on carbon (or magnesium) nuclei had sufficient energy to be detected in a forwardplaced particle detector. The targets were cooled to approximately 50K using a closed-cycle refrigerator. The ferromagnetic layer in the target was polarized by an external magnetic field of 0.07 T. The direction of the field was reversed approximately every 120 seconds. The magnetization of the targets was measured with an AC magnetometer [25] as a function of the temperature and was found to be constant in the range of 50K to 120K. The specifics of the different targets used in this work are given in Table II. The γ rays were detected in four clover detectors, each containing four cylindrical, high-purity Ge crystals having a diameter of ∼50 mm and a length of ∼80 mm. The detectors were placed 120 mm away from the target in the horizontal plane at angles of ±113
• (detectors 1 and 4) and ±67
• (detectors 2 and 3) with respect to the beam direction. Particles were detected about 20 mm downstream of the target either in a conventional 300 mm 2 , 100 µm thick silicon surface barrier detector (PIPS) or in a solar-cell detector array consisting of two 15x15 mm or three 10x10 mm Si wafers, joined vertically and framed with a tantalum shield. The choice of the different particle detectors was motivated by the desire to optimize the particle-gamma angular correlations by taking advantage of the slit detector design as explained in Ref. [11] . Table III shows typical kinematics parameters for the different targets and beam energies. The effective transit time, T , of the excited ions through the ferromagnetic layer takes into account the decay of short-lived states state for each isotope. The < E >in and < E >out, and < v/v0 >in and < v/v0 >out, are, respectively, the average energies and velocities of the excited ions as they enter into, and exit from, the ferromagnetic layer and v0 = e 2 / is the Bohr velocity. T is the effective transit time of the ions through the ferromagnetic layer. while traversing the ferromagnetic layer.
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III. ANALYSIS AND RESULTS
The energy and timing information for each single γ-ray and particle event was obtained directly from the preamplifier signals of the detectors using Pixie-4 pulse digitizers [26] and was written to disk. Particle-gamma coincidences were later selected from time-difference spectra. Compton add-back was performed for each individual crystal in a clover detector. Particle-gamma ray coincidence spectra for the 70,72,74,76 Ge isotopes, obtained in one crystal of a clover, are shown in The experimental precession angle, ∆θ exp , was obtained from small rate changes in the spectra recorded by the γ-ray detectors for the alternating magnetic field directions at the target. The γ-ray peak intensities for the measured transitions, observed in each detector (i, j = 1, 2, 3, 4) for each field direction, were used to form double ratios,
(1) from which the effect ε = (ρ − 1)/(ρ + 1) was calculated. In this procedure unknown quantities, like differences in the up/down measurement times and relative efficiencies of the detectors, cancel. This effect ε needs to be converted into a precession angle through the relation ∆θ exp = ε/S(θ).
The logarithmic slope,
dθ , was obtained from the measured particle-γ correlation
The P k (cos θ) are Legendre polynomials of order k and the A exp k are the angular correlation coefficients, which depend on the multipolarity of the γ-ray transition and the geometry of the particle and γ detectors.
The transient field strength, B T F (v(t), Z), was calculated using the Rutgers parametrization [23] and the expression 
The measurements were carried out over a period of several years with remarkable reproducibility. But it was also found that for different targets the results showed systematic differences, which could not be explained by the target parameters or kinematic differences in the experiments. 
C.
74 Ge
Extensive measurements were carried out on 74 Ge over a wide range of energies, employing all available particledetectors and targets. The results in Table IV for the 2 + 1 state also demonstrate the dependence of the slopes on the particle-detector geometry and beam energy. In the experiments with Targets I and III the circular PIPS detector was used. The "slit" geometry of the solar-cell array used with Target II gives larger slopes but also shows a decrease of the slopes at the higher beam energies. At and above the Coulomb barrier the slope is reduced due to a diminished alignment and to increased feeding from the 3 − 1 state. In the experiment using Target V at 215 MeV a vertically-mounted triple solar-cell array was used as particle detector. The center cell at zero degrees had an opening angle of ±9
• , each cell above and below covered 11
• − 29
• . The measured slopes for the 2 
IV. MODELS AND CALCULATIONS
In the present investigation, the g factors of 2 terms of the classic collective and the IBA models. Subsequently, large-scale shell-model calculations were carried out to understand the microscopic structure of the low-lying states of the four Ge isotopes. A different approach, provided by the interacting boson model [28, 29] , can be considered. Sambataro [30] , using the formulation of Morrison [31] , expressed the g factor of the 2 + 1 state in terms of the number of valence proton bosons, N π , valence neutron bosons, N ν , and the effective g factors of proton and neutron bosons, g π and g ν , respectively
where
This analysis for the 2 + 1 states was presented previously in Refs. [1, 13] and is reproduced here with the inclusion of new data. The same formalism was extended here to the data for g(4 The data for N = 38, 48 were not included in the fit. The specific magic numbers for N and Z were chosen because they yielded the best χ 2 to a straight-line fit in the analysis of Ref. [1] . Although there are fewer g-factor data for the higher excited states and they have relatively larger errors, the data also exhibit a linear dependence on N π /N ν . Indeed, a straight line with the same effective boson-proton and boson-neutron g factors, g π and g ν , fits all three data sets. A representation of the data in terms of N π N ν /N tot did not display any deviations from a smooth distribution.
B. Shell-model calculations
Large-scale shell-model calculations [2] had been carried out for 70, 72, 74, 76 Ge using the p 3/2 , f 5/2 p 1/2 and g 9/2 model space for both protons and neutrons and two interactions, JUN45 [3] and JJ4B [32] .
The excitation energies, B(E2; 2 were not well accounted for by the shell-model calculations [2] .
These observations suggest that the shell-model calculation used an incomplete set of valence states and lend weight to the consideration of collective behavior.
The present work extends the shell-model calculations of Ref. [2] to include g factors. In addition, it discusses for each state the detailed shell-model wave functions and also the average occupation numbers of protons and neutrons in each shell-model orbital. Typically, each wave function involves twenty or more shell-model configurations, each with a probability of more than 1%. There is no single configuration in any wave function with a probability of more than 20%. Overall, for each of the specific nuclear states, the leading configurations and their probabilities are similar for the JUN45 and JJ4B interactions. Also similar for each specific state are the results obtained with both interactions for the occupation numbers of the single-particle proton and neutron orbitals. For any one nucleus, with either interaction, the average orbital occupancies for the 0
+ 1 states are almost identical. Thus, for each nucleus, for a given interaction, the wave functions are highly fractionated and exhibit no sharp structural effects.
One would have expected that in all four Ge isotopes the four valence protons beyond Z = 28 occupy the p 3/2 sub-shell, filling it up completely. In such a simple picture, the protons would be inert. However, with both interactions for all four nuclei and for all four states, the occupancies of the p 3/2 orbital range only from 1.44 to 2.28. The other valence protons are mostly in the f 5/2 shell with occupancies ranging from 0.96 to 2.08. The occupancy of the p 1/2 proton orbital is always less than 0.54. The occupancies of protons in the g 9/2 orbital are low and always smaller than 0.36. Thus the calculation suggests that proton excitations to the g 9/2 orbits play only a minor role, contrary to what was found in Ref. [4] .
On the basis of the simplest shell model no neutrons would be expected to occupy the (g 9/2 ) ν orbital in the ground state for Ge and none in the heavier Ge nuclei. The actual number of total holes as N increases is 4.6, 3.9, 3.2 and 2.2 for JJ4B and 4.1, 3.3, 2.5 and 1.9 for JUN45. With both interactions the largest number of holes are in the f 5/2 orbital. The average number of f 5/2 holes as N increases is respectively 2.6, 2.1, 1.7 and 1.3 with JJ4B and 2.3, 1.8, 1.3 and 0.9 with JUN45. It is thus seen that typically in the calculation with the JJ4B interaction more Ge the maximum number of protons in the g 9/2 orbital was limited to 2.
b Includes value in Ref. [11] f 5/2 neutrons are excited to the g 9/2 orbital than in the calculation using the JUN45 interaction. The number of neutron holes in the f p shell in this large-scale shellmodel calculation indicates that there are no rigid shell closures at N = 38 or N = 40. The neutron excitations to the g 9/2 would be expected to increase B(E2) values and perhaps decrease g-factor values.
The results of the shell-model calculations of g factors are presented in Table V [1] and with the new measurements presented in the present paper. No evidence was found for neutron shell closures at N = 38 or N = 40. New shell-model calculations with a large basis including g 9/2 orbitals yield very fractionated wave functions and probably indicate an incomplete set of basis states. In conclusion, this particular region spanning nuclei between Zn and Sr requires a wider theoretical framework than that provided so far.
